This paper reports the mechanical design and optimization of tunable Fabry-Perot (FP) filter structures for the development of MEMS adaptive infrared detectors using finite element modeling and experimental investigations. The results indicate that the mechanical characteristics of the FP filters are significantly influenced by the structural designs, which eventually affect the filter performance and device integrity.
INTRODUCTION
Microelectromechanical systems (MEMS) based sensors have been extensively developed for civil and defense applications in recent years, such as MEMS pressure sensors, accelerometers, fingerprint identifiers and infrared detectors [1] [2] [3] [4] . Tunable Fabry-Pérot (FP) filters are core components of MEMS adaptive infrared detectors for thermal imaging [5] [6] [7] [8] [9] . A typical MEMS-based FP optical filter [10] [11] consists of a fixed bottom mirror and a top mirror that is supported by a movable membrane. The two mirrors need to be placed parallel to each other with spacing, which allows light with a specific wavelength to transmit through 12 . The membrane is suspended on its supports through connecting "arms", and is displaced under electrostatic force when a bias potential is applied between the top and bottom mirrors. When tuning the membrane (and the top mirror) upwards or downwards, the spacing, or cavity length, will change and the wavelength of light transmitted can then be varied. The optical performance of the filter depends on the flatness of the individual mirror itself, the parallelism of the two mirrors and the tuning range of the membrane 11 .
Another important parameter for evaluating infrared detectors is fill factor for the filter array. Fill factor is defined as the ratio of the effective functional area over the total occupied area of the filter. This factor will affect the overall image resolution for hyperspectral imaging systems. A larger fill factor produces a better thermal image. The geometry of membrane and connecting arms of the filter obviously determines its fill factor.
Fabrication-induced stress is common in the low temperature plasma enhanced chemical vapor deposited (PECVD) membrane material in this work 13 . The stress gradient along the membrane thickness can result in a significant deformation of the membrane, and hence an uneven mirror on the top. From the processing end, PECVD deposition conditions need to be optimized to minimize the stress magnitude. On the other hand, the membrane structure should be designed to be sufficiently robust against the unavoidable stress gradients.
Apparently, the geometry of the membrane and arms significantly influence the structural characteristics of the filter. An ideal structure for a FP filter should have flexible arms that occupy a small area and the membrane/top mirror combination should be sufficiently robust to maintain mirror flatness under the deflection and against fabrication induced stress 14 . However, conflictions always exist in the geometry design of membrane and arms for achieving the ideal structure. For instance, when the membrane structure is designed to be robust against stress gradients, it may have negative effect on the mirror flatness during tuning or is difficult to achieve a satisfactory fill factor. It is therefore essential to carry out comprehensive investigations to the effect of mechanical design on the kinematics and dynamics of the filter structure. This paper reports on the influence of mechanical design of MEMS-based FP filter structures on their mechanical characteristics. A variety of membrane and arm geometries has been designed and investigated using finite element modeling (FEM). The designs were evaluated based on the tuning range, the membrane curvature at the maximum tunable position, the sensitivity of the top mirror structure to residual stress introduced to the membrane material during fabrication, and the fill factor when used in an array. Mechanical loading were applied to test feasible prototype based on the modeling results.
FINITE ELEMENT MODELING OF TUNABLE FABRY-PEROT MEMS STRUCTURES
Four basic filter structures are designed for FEM analysis in this work. The structures are shown in Fig. 1 . All the structures have a membrane size of 120×120 µm 2 with a thickness of 450 nm, a mirror size of 100×100 µm 2 and a cavity length of 1.6 µm. Type (a), (b) and (c) in Fig. 1 are classified as "straight arm" structures, where membrane shape and arm-membrane joining position are changed to examine their influence on mechanical characteristics. The straight arms have a width of 20 µm and a length of 100 µm. Type (d) in Fig. 1 uses an "L" shape arm, which aims at increasing the structural flexibility and achieving a large fill factor. The L shape arm also has a width of 20 µm and a length of 120 µm along the membrane edge. The gap between the L arm and the membrane edge is 20 µm. The fill factors are 0.21, 0.14 and 0.22 for Type (a), (b) and (c), respectively. The fill factor for the L arm structure is 0.36, higher than those for the straight arm structures. It should be noted that the membrane area is taken to be the effective function area in this paper. Finite element modeling has been used to study the mechanical performance of the structures in Fig. 1 under electrostatic attraction force, which simulates the actual working conditions of the FP filter. FEM is performed using the commercially available software, CoventorWare™ 15 . The straight arm structures shown in Fig. 1a , Fig. 1b and Fig. 1c have irregular shapes and are thus meshed using 27-node Extruded Bricks. The L arm structure in Fig. 1d consists of fundamental rectangular shapes and is thus meshed using 27-node Manhattan Bricks. The boundary conditions of no displacement along X, Y and Z axes are applied to all the nodes at the open end of the arms in Fig. 1 . This approximation is made based on our modeling and experimental results which indicate that the pillar support is sufficiently solid to be represented by the "fixed arm end" boundary condition. A Young's modulus of 97 GPa, which was determined by the 16 , was used for the membrane material, i.e. low temperature silicon nitride (SiN x ) in all the models. Poisson's ratio for the material is not a critical parameter in the modeling. A value of 0.27 was used in all the models 17 . Fig. 2 shows the modeled relationship between the maximum membrane displacement and the applied voltage for the four types of structures shown in Fig. 1 . For all the structures, the membrane displacement increases with the increasing voltage applied, as expected. The straight arm structures in Fig. 1a, Fig. 1b and Fig. 1c demonstrate little difference in their displacement and voltage relationships, indicating that the stiffness values of those structures are at similar magnitude. The L arm structure in Fig. 1d appears to be more flexible than the other three structures because a larger displacement is caused by a given driving voltage. The upper limits of the displacement curves in Fig. 2 indicate their respective tuning ranges, or the critical points for snapping down under voltage drive [18] [19] [20] . It is seen that the L arm structure has a slightly smaller tuning range than the straight arm structures. The preservation of parallelism of the two mirrors requires the minimization of profile error of the deformed membrane at its tuning displacement. Fig. 3 shows the membrane profile errors for the four structures at the maximum membrane displacement of 500 nm, which was measured by sectioning across membrane center along X or Y-axis. The profile error at a location is defined as the difference between the maximum displacement and the displacement at that location along Z-axis. The highest profile error is possessed by the straight arm structure in Fig. 1b . This is because the sectioning plane has crossed the membrane-arm joining areas, where stress is highly concentrated during deflection. In fact, when measuring the profile errors in the membrane center area of 80×80 µm 2 , the three straight arm structures have almost the same magnitude of deformation, as can be seen in Fig. 3 . Compared to the straight arm structures, the L arm structure has a much smaller profile error due to its higher flexibility. Fig . 4 shows the membrane profile error of the four structures under the influence of a stress gradient. The stress gradient is symmetrically distributed along the membrane thickness with a linear factor of 20 MPa/µm. It can be seen that the straight arm structures have deformation almost at the same magnitude, with the round membrane (Fig. 1c) having the smallest profile error of ~170 nm. The rounding of membrane results in a more uniformly distributed strain across the membrane when a stress gradient is applied, and thus a slightly less profile error. The profile error across the membrane for the L arm structure is about 225 nm, greater than those of the straight arm structures. (a)
The performance of the four structures is quantitatively measured and summarized in Table 1 . The results show that the three straight arm structures present similar membrane deflection and deformation characteristics. They are more robust against stress gradient and have slightly larger tuning ranges, but much larger membrane deformation at the maximum tuning displacements, compared to the L arm structure. The major drawback of the straight arm structures is their incapability to increase fill factor. The L arm structure has demonstrated excellent flexibility, and produced insignificant membrane deformation at its maximum tuning range. The structure efficiently uses the filter area, and can hence realize a relatively large fill factor by reducing the arm dimensions and optimizing array alignment. Typical designs of filter array for such exercises are illustrated in Fig. 5 . The arm length of the structure in Fig. 5a is 50 µm (reduced from previous 120 µm in Fig. 1d ), which is less than half of the membrane size. Therefore, the two arms from two neighboring filters in the array can share (b) (a) one common support column. Its fill factor is thus increased to 0.44 (from previous 0.36). The arm width and the gap between the arm and the membrane of the structure in Fig. 5b are both 10 µm, half of the respective values in Fig. 5a . This further increases the fill factor to 0.64, without significantly altering the mechanical characteristics, as shown in Fig.  6 . The modeled membrane profile errors of the modified structures in Fig. 5a and Fig. 5b are ~ 18 and 14 nm at the maximum tuning displacement of 500 nm, respectively. The results indicate that the L arm structure can be a feasible design for tunable FP filters provided that the residual stress in the structural material can be reduced to certain level or eliminated. 
STRUCTURAL PERFORMANCE
Performance test includes two steps. In the first step, cantilever beams and single layer L arm structures fabricated by PECVD are used to estimate the stress distribution in the membrane materials. In the second step, multilayer filter structures (membrane with mirror) are used to test their deflection and deformation behaviors under mechanical loading.
The L arm structure was chosen to be the test structure for two reasons. First, the FEM result has demonstrated that it is a feasible design for the FP filter array (provided that the stress in the structural material is sufficiently small). Second, the optimization of our PECVD process has enabled a reduction of stress in the membrane to a tolerable level. For the estimation of stress distribution in the membrane, both silicon nitride (SiN x ) L arm structures and cantilever beams of a thickness of 550 nm was fabricated using the following PECVD conditions: deposition temperature of 125 o C, chamber pressure of 875 mtorr, radio frequency power of 75 W and gas flow ratio of 1:10:20 for SiH 4 :NH 3 :N 2 . The method developed in [16] was used to estimate the stress gradient in the SiN x membrane layer. A linear stress gradient was introduced into the FEM beam model. The gradient in the SiN x membrane layer was estimated to be approximately 5.5 MPa/µm by best-fit the modeled beam bending to the measured. This gradient was then used in the L arm structure model. The modeling result is in good agreement with the measurement.
The structural performance test adopted a "sandwich" layer structure which is illustrated in Fig. 7 . In this structure, the mirror layer (530 nm in thickness) was placed between two SiN x layers with thickness of 550 nm. The other dimensions of the SiN x layers were the same as those in Fig. 5a . The sandwich design aimed to minimize the effect of stress mismatch between the mirror and the membrane on the membrane deformation due to the possibly different stress levels in two different layers. The test was performed on a Hysitron nanomechanical testing instrument. Mechanical loading, rather than electrostatic loading, was used to deflect the filter. This is because under electrostatic loading, the membrane will snap-down when the displacement reaches approximately one third of the cavity length 14 , or 550 nm in this case. Mechanical loading enables repeated tests of the membrane deflection at any displacement without destroying the structure. It should be noted that the mechanical load used is via point contact, which is different from the electrostatic attraction over the entire membrane. The point load used will somehow change the deformation pattern of the membrane. In the test, three different loads of 25, 30 and 35 µN were applied at the membrane center. The displacements measured are compared with those calculated under the maximum applied loads, as summarized in Table 2 . In the corresponding FEM model, the stress gradient of 5.5 MPa/µm was applied into the top and bottom SiN x layers and "zero" stress was assumed in the mirror layer. The same loading conditions as those in the experiment were employed. It is seen that the modeled and measured displacements are in good agreement, suggesting that the stress gradient used in the SiN x membrane layers is appropriate. The result also indicates that the sandwich structure is useful for reducing the effect of stress mismatch in multilayer filter structures as the FEM has demonstrated a symmetric membrane profile. 
CONCLUDING REMARKS
The finite element analysis has shown that the L arm structure is feasible for the FP filter array. The structure is less robustness against stress gradient introduced from the fabrication. Therefore, appropriate selection of the PECVD deposition conditions is needed to reduce the stress gradient induced from fabrication.
The mechanical loading tests on the sandwich filter structure have demonstrated that the load-displacement relations between the measurement and the modeling are in reasonably good agreement. The structure was fully recoverable, even under a displacement of nearly two third of the cavity length. This result suggests that the stress gradient estimated using the cantilever beam structure and finite element modeling gives a good measurement of the stress status in the filter structure fabricated. It also demonstrates that the sandwich structure is useful for tackling stress mismatch problems.
